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Abstract 
 
Since threatened species are generally incapable of surviving in their natural 
environments, ex situ conservation programs are required to preserve them from total 
extinction. Captive breeding provides the tool to rear sustained populations. Knowledge 
about biology of such species is critical for managing such breeding programmes. In 
this paper we look at the sex variation in calves surviving to 30 days in captive 
populations of two endangered polygynous gazelles, Gazella cuvieri and Gazella dama 
mhorr. We examined which of the following mother traits may affect sex allocation: her 
age, experience and inbreeding coefficient. Because twins are quite common in Cuvier's 
gazelle, we also analyze whether offspring sex is mediated by litter size in this gazelle. 
In both species the overall sex ratio did not differ from unity at the age of 30 days. 
These results support the suggestion that for a given population to be in equilibrium, a 
1:1 calf sex ratio is to be expected, with females in good condition producing sons and 
females in poor condition producing daughters. We also found that offspring sex is not 
significantly related to the same mother traits in the two gazelles studied. Cuvier's 
gazelle findings showed that only maternal inbreeding influenced offspring sex, the less 
inbred the mother the higher the probability of producing sons. In contrast, none of the 
maternal traits studied were related to offspring sex in Mohor gazelle. Two non 
exclusive explanations are given to justify differences observed between these two 
species; one relate to a probable differential cost of producing either sex; the other refers 
to the actual homozygosis level in captive populations of each species. For Cuvier's 
gazelle litter size has no effect on offspring sex when the sex of the littermate is taken 
into account. This result fit predictions derived from Trivers-Willard model: mother in 
good conditions (less inbred) produce the sex with higher fitness returns (i.e., male), no 
matter if born at single or twins brood. Many variables are likely to affect progeny sex 
ratio. We have presently examined only a few. But our results might be of interest in 
management decisions and conservation programs such as reintroductions. 
Key words: Cuvier’s gazelle, ex-situ conservation, mohor gazelle, sex allocation, captive 
breeding. 
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Introduction 
 
 Captive breeding of a threatened species is an important and in some cases very 
successful tool for species conservation. In the last few decades, recovery of some 
endangered species has relied on breeding programmes undertaken on their captive 
populations (Magin et al., 1994; Russello and Amato, 2004). Some biological problems 
confront this practice, however (e.g., low probability of long-term survival due to small 
population size, loss of genetic diversity,…). There are also organizational problems. 
Management of captive mammal populations is a complicated process requiring genetic 
and demographic analyses to guide the population toward a target size that will ensure 
its continued survival (Faust and Thompson, 2000). But in many cases this ideal target 
population size exceeds available space. To make the most efficient use of their 
restricted space, breeding centres must maintain an adequate sex ratio in each species 
depending on the characteristics of its breeding system.  
 In polygynous species, captive breeders tend to maintain a female-biased sex 
ratio of adults, the management of the non-breeding sexually mature males in the 
population representing one of the most important organizational problems to be faced 
(Faust and Thompson, 2000). Hence, identification of maternal variables affecting sex 
allocation of calves would be an useful tool for captive breeding of polygynous species, 
as reproductive herds could be formed by taking into account those traits in the mother 
that favour a specific sex. 
Since the seventies the “Estación Experimental de Zonas Áridas” (EEZA-CSIC, 
Spain) has developed captive breeding programmes for two polygynous, endangered 
gazelle species: Gazella cuvieri (Ogilby, 1841) y G. dama mhorr (Bennett 1833). The 
Cuvier’s gazelle is a medium-sized gazelle that can weigh up to 35 kg, and could be 
found in a wide variety of habitats in hilly terrain, including the Moroccan highlands 
(from 60 to 2600 m asl; Loggers et al., 1992; Aulagnier and Thévenot, 1986). Females 
reach sexual maturity at 6 to 9 months, gestation is about 165 days, and twins represent 
up to 39% of births (Moreno and Espeso, 2008). It is in sharp decline in most of its 
range (Morocco, Tunisia, Algeria; Beudels et al., 2005) where its population seems to 
be highly fragmented. Their world population in captivity is about 219 individuals 
(Moreno and Espeso, 2008). G. dama mhorr is the largest species of the Gazella genus, 
with individuals weighing from 45 to 70 kg. This species inhabited arid areas with 
sparse vegetation in North Africa (Barbosa and Espeso, 2005; Loggers et al., 1992; 
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Kingdon, 1997; Aulagnier and Thévenot, 1986), although it is currently considered 
extinct in the wild (Walther, 1990; Beudels et al., 2005). Females reach sexual maturity 
at 9 to 12 months and have a gestation period of 197 days (Barbosa and Espeso, 2005; 
Walther, 1990). Their current world population in captivity is about 180 individuals 
(Espeso and Barbosa, 2010). The survival of these two species very much depends on 
their captive populations which are currently managed within respective European 
Endangered Species Programs (EEPs) at the Experimental Field Station “La Hoya” 
from the EEZA-CSIC. 
In this paper, we pursue two aims. The first is to analyze variation in calf sex 
ratio in captive populations of two endangered polygynous gazelles, G. cuvieri and G. 
dama mhorr. Considering that perinatal mortality represents the most frequent cause of 
death in many species of mammals (Clutton-Brock et al., 1982; Blaxter and Hamilton, 
1980), offspring costs would be expressed at that time, so we analyse sex variation in 
calves surviving to 30 days, when according to available data, perinatal mortality in 
captivity is the highest for both studied species (Alados and Escós, 1991; Barbosa and 
Espeso, 2005; Moreno and Espeso, 2008; see Kirkwood et al., 1987; Clutton-Brock et 
al., 1982 for other ungulate species).  
 We secondly explore which mother traits could affect offspring sex. Trivers and 
Willard (1973) proposed that when adaptive variance in reproductive success favours 
one sex (males in polygynous species), an adult female with above-average resources 
would be advantaged by producing more of that sex, whereas females with below-
average resources would be advantaged by producing more of the reproductively stable 
sex (females in polygynous species). Following this assumption, in our study species, 
mothers in good condition would produce sons, while mothers in poor condition would 
produce daughters. It is well known that inbreeding can affect individual body condition 
and/or reproduction (Ralls et al., 1979; Cassinello, 1997, 2005; Gomendio et al., 2000), 
so that on average, individuals with higher inbreeding coefficients may have lower 
quality (Charlesworth and Charlesworth, 1987). We would then expect more inbred 
females to produce more daughters surviving to 30 days. Likewise, age has also been 
used as an estimation of maternal body condition, as well as a predominant determinant 
of progeny sex ratio among ungulates (Saltz, 2001; but see Hewison et al., 2002). 
Among large mammals, the female’s capacity for motherhood might be strongly age 
dependent. Females usually start breeding before they reach adult body size and toward 
the end of their lifetime, their body condition decreases as a consequence of 
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reproductive senescence. In this context, the male:female ratio might be expected to be 
low among first breeders, increase during the middle years of their lifetime, and 
decrease again in old animals (Williams, 1979; Clutton-Brock and Iason, 1986). 
Therefore, we would expect younger and older females to have more daughters. In 
polygynous ungulate managed within captive breeding programmes, females usually 
become members of a reproductive herd as soon as they are fertile. Then, we would 
expect primiparous females to produce more daughters than sons (Festa-Bianchet et al., 
1995; Saltz, 2001; Côté and Festa-Bianchet, 2001), as they have to allocate resources to 
growth and reproduction at the same time (Festa Bianchet et al., 1995; Landete- 
Castillejos et al., 2004).  
Twins are common in Cuvier’s gazelle (Moreno and Espeso, 2008). It could be 
assumed that the cost of producing and rearing twins is higher than the cost of 
producing and rearing singles. We also analyze whether offspring sex is mediated by 
litter size as mother decision might be a trade-off between investing in the most costly 
sex (i.e., a male) vs investing in a larger brood.  
 
Methods 
 The current captive population of Cuvier´s gazelle at the EEZA-CSIC is 
descended from 4 wild-born individuals (1 male, 3 females; Moreno and Espeso 2008). 
The founder population of the Mohor has been controversial. Following the criteria of 
“unknown parents”, Cano (1991) considered that 16 individuals (3 males and 13 
females) were founders. Following the criteria of animals which had descendants, 
Barbosa and Espeso (2005) considered 11 founding individuals (2 males, 9 females). 
However, Ruiz López et al. (2009) using molecular information found that the founding 
population of G. dama mhorr was much smaller than previously assumed. The Mohor 
gazelle studbook pedigree have been recently reconstructed (Espeso & Barbosa 2010) 
considering five founder individuals (1 male, 4 females) based on information taken 
from Cano (1991) and references therein; Valverde (2004); and information available in 
the historical files of the Experimental Field Station “La Hoya”. We assume founders 
are unrelated to each other. 
 The data for 555 Cuvier’s gazelle calves and 678 Mohor gazelle calves used in 
the analyses were taken from their studbooks (Espeso & Barbosa, 2010; Moreno and 
Espeso, 2008). Maternal variables analyzed were inbreeding coefficient, age (in days), 
and experience (primiparous vs multiparous). Inbreeding coefficients were calculated 
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using the SPARKS software programme (ISIS 2004). As mother age maintains 
nonlinear relationships with maternal investment we have calculated mother squared 
age as well to be included in the analyses. Throughout this paper offspring sex ratio 
refers to the proportion of males in the population surviving to 30 days.  
 Analyses were performed using SAS v. 9.1 statistical software (SAS Institute, 
Cary, NC, USA). A χ2 analysis (GENMOD SAS procedure) was used to analyze sex 
ratio variation in calves surviving to 30 days. To examine the effect of maternal age 
(raw and squared), maternal experience (primiparous vs multiparous females) and 
maternal inbreeding coefficient on the offspring sex ratio, generalized linear mixed 
models (SAS macro program GLIMMIX) were performed.  
In all the analyses, offspring were used as statistical units. As some of them 
belong to the same mother in different breeding seasons, they are not totally 
independent. So, mother identity was introduced as a random factor to account for the 
non-independence of offspring from the same mother. As this study includes several 
decades of the breeding programmes (1975-2007 for G. cuvieri and 1971-2007 for G. 
dama mhorr), mother identity was nested within the year in the analyses in case 
different condition in different years influence offspring sex ratio. 
For Cuvier’s gazelle, where twins are common, litter size very likely affect 
offspring sex. Moreover, the sex of the littermates may not be independent as it may be 
more likely for a calf to be male if singleton or with a daughter than with a brother (see 
Cassinello and Gomendio, 1996; Carranza, 2004). As a way of including this likely 
influence in the analyses, we have built a factor that captures the investment of the 
mother when producing the focal offspring. It is a categorical factor (litter size x litter 
sex) with three levels: level 1, assigned to individual born with no other offspring (i. e., 
the focal offspring is a singleton); level 2, assigned to individuals born in twins and the 
non-focal offspring is a female; and level 3, assigned to individuals born in twins and 
the non-focal offspring is a male. This so built factor has been included as an 
independent variable in the analyses. 
Model selection was carried out by removing, one by one, the effects that 
deviated most from statistical significance (Engqvist, 2005). 
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Results  
 
Table 1 shows range, mean and standard deviations for the continuous variables 
presently analysed for offspring of both G. cuvieri and G. d. mhorr. 
The overall sex ratio (SR) of calves that survived to one month of life did not 
differ from unity in none of the species studied (G. cuvieri: SR= 49% of male offspring, 
χ2 = 0.031, p = 0.762, n = 555; G. d. mhorr: SR= 51% of male offspring, χ2 = 0.05, p = 
0.76, n = 678). 
 Results of the generalized linear mixed models are shown in Table 2. In G. 
cuvieri, offspring sex was significantly unaffected by mother identity, mother age, 
mother experience and litter size once the sex of the littermates is considered (litter size 
x littermate sex factor). Only the inbreeding of the mother was significantly related to 
offspring sex: the more inbreed the mother the higher the probability of producing 
daughters surviving to 30 days sex (Fig. 1).  In G. d. mhorr offspring sex ratio at 30 days 
of age was unaffected by all the variables considered.  
 
Discussion 
In our gazelle species populations, the overall sex ratio did not differ from unity 
at the age of 30 days. This result can be the consequence of a 1:1 sex ratio at birth, but 
also the result of a sex differential perinatal mortality. Results by Alados and Escós 
(1994) and by Cano (1991) support the former explanation as they found the sex ratio 
did not differ from unity at birth for any of the studied species. According to the sex 
allocation theory (Trivers and Willard, 1973), in polygynous species, the better the 
maternal body condition the higher her probability of producing a male, as this sex 
represents a higher fitness return for the mother. However, a 1:1 sex ratio (Fisher 1930) 
is also compatible with Trivers and Willars (1973) hypothesis if applied at population 
level, with females in good condition producing sons and females in poor condition 
producing daughters (see Frank, 1990; Hewison et al., 2002). 
Previous studies have found that, on average, higher levels of inbreeding lead to 
worse individual body condition (Gomendio et al., 2000; Cassinello et al., 2001; 
Cassinello, 2005; Roldan et al., 2006). In our populations, the inbreeding coefficient 
varies widely among individuals in both species studied (Table 1); we can then safely 
assume that the body condition of the individuals studied would vary accordingly. The 
lack of progeny sex-ratio bias found in these two gazelle species supports the claim for 
 8
equilibrium within the population, with mothers in better or poorer condition producing 
either sons or daughters, respectively.  
In relation to mother traits affecting offspring sex, results for the two species 
studied are not in accordance. As expected, results for G. cuvieri showed that females 
with a lower level of inbreeding had a higher probability of having sons surviving to 30 
days than females more inbreed, which were more prone to produce daughters. In 
Mohor gazelle none studied variable affected offspring sex. 
The relationship between offspring sex and maternal inbreeding level may 
represent an investment to maximise future return by progeny. In gazelles, as in other 
polygynous mammals, the variance in male reproductive success exceeds that of 
females (Clutton-Brock et al., 1982, 1986; Hewison et al., 1999; Wolff, 1988; Knut et 
al., 2007) and this success depends on calf weight and/or adult body size (Clutton-Brock 
and Iason, 1986, Landete-Castillejos et al., 2005) because they are related to their 
fighting ability (Knut et al., 2007; Kühl et al., 2007). Inbreeding has been shown to 
influence body size in domestic, captive and laboratory animals as well (Charpentier et 
al., 2006; Coltman et al., 1998; Fredrickson and Hedrick, 2002; Wright et al., 2008). 
Hence, a male born to a highly inbred mother would have a smaller body size than those 
born to less inbred mothers and consequently this male would leave fewer surviving 
descendants (according to Trivers and Willard, 1973).  
Against expectation, for G. dama mhorr we found no significant relationships 
between inbreeding coefficient and the sex of offspring surviving to 30 days. Several 
non exclusive explanations can be given for justifying observed differences between the 
two gazelles studied. It could be suggested a differential cost of producing either sex in 
each species. Maternal investment can be assessed by examining two phases of the 
reproductive cycle, gestation and lactation. The cost of gestation can be measured by 
offspring birth weight (Byers and Moodie, 1990; Ono and Boness, 1996). However, for 
Mohor gazelle, we have observed no significant differences between sexes of calves at 
birth [males: mean ± standard error = 6.19 ± 0.186 kg (N=17); females: mean ± 
standard error =5.91 ± 0.204 kg (N=13); F1,28 = 1.018; p = 0.322; for similar results see 
Alados and Escós, 1994; Byers and Moodie, 1990]. It therefore seems that there is no 
differential maternal investment between sexes during gestation in the Mohor gazelle. 
Lactation has been proposed as the most costly phase of the reproductive cycle 
(Bercovitch et al., 2004). Its cost can be estimated by examining suckling frequency, 
maternal weight loss, milk intake, infant growth or infant mortality. Unfortunately, the 
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only such data we have available is perinatal mortality (Ibañez et al., submitted), and 
they show that there is no statistical difference in mortality between sexes during the 
first 30 days of life. It seems that for the Mohor gazelle, there is no differential cost to 
the mother in rearing male or a female offspring.  
The possibility that suckling frequency, milk intake and infant growth may be 
different between sexes can be ruled out, as we would then also expect differences in 
calf body weight at 30 days, and according to Cano (1991) this is not the case in Mohor 
gazelle. Unfortunately, we have no information on mother weight loss during suckling. 
As long as this information is unavailable, we cannot rule out the possibility of a 
differential maternal investment in Mohor gazelles, although to date, it is not supported 
by the data.  
Alternatively, the above mentioned differences found between Cuvier’s and 
Mohor gazelles might be due to differences in the actual homozygosis level. Inbreeding 
estimation is based on pedigrees. Pedigrees provide information about the relatedness 
among individuals within the population, but the actual genetic homozygosis level very 
much depends on the original genetic variability in the founders. By using 
microsatellites to estimate heterozygosity, Ruíz López et al. (2009) have shown that the 
relationship between inbreeding and molecular metrics in G. cuvieri housed at “La 
Hoya” is very similar to that expected for outbred and unrelated founders. In contrast, 
no relationship was found for Mohor gazelle which suggest lower level of genetic 
variability in the founders of the latter species. 
Contrary to expectations, maternal age was not related to offspring sex in 
surviving calves at 30 days of life in any of the gazelle species studied. Saltz (2001) 
suggests that maternal age is the most common determinant of progeny sex ratio, 
although Hewison et al. (2002) argues against it, stating that maternal age may be a 
correlate of progeny sex ratio in some cases, but only as a proxy for other maternal 
characteristics such as body condition. He also argues that a correlation between 
maternal age and progeny sex ratio may be hypothesised following the Trivers and 
Willard (1973) model if age is somehow related to maternal body condition, but this 
does not constitute a direct determining influence of age on progeny sex ratio. Our 
results agree rather with this idea as they do not support the value of maternal age for 
adaptive sex allocation in the two gazelle species studied (see Kohlmann, 1999; Kruuk 
et al., 1999; Novellie et al., 1996; for other ungulate species).  
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Against expectations we have not found significant relationships between 
offspring sex and maternal experience in these gazelle species. It could be argued that 
captive breeding management might be the cause of this disagreement between what is 
expected and found. In the past, at the Experimental Field Station “La Hoya”, females 
have not always been included in a breeding herd as soon as they reach sexual maturity, 
but older (as old as 4-5 years of age). So very likely, the effect of primiparity on 
progeny sex ratio in our captive population of Cuvier’s gazelle is obscured by 
management, as some females first bred when they had already reached their full 
growth (Saltz and Rubenstein, 1995).  
In Cuvier’s gazelle litter size has no effect on offspring sex once the effect of the 
sex of the littermates is taken into account. Although some works (Frank, 1990; 
Gosling, 1986; Williams, 1979) states that the Trivers-Willard (1973) predictions 
cannot be applied to litter size greater than one, mainly because when both the sex ratio 
and the number of calves should be adjusted simultaneously, good quality mothers may 
gain more by increasing the number of offspring than by adjusting the sex ratio of the 
broods, our results do not support such statements but rather fit the predictions derived 
from Trivers-Willard model: mother in good conditions (less inbred) produce the sex 
with higher fitness returns (i.e., male), no matter if born at single or twins brood. 
Cassinello and Gomendio (1996) found a similar result in the Saharan arrui, 
(Ammotragus lervia sahariensis), with higher ranked mother (assumed to be in better 
body conditions) producing singleton male and lower ranked mother producing twins 
females. From our result follows that, in this species, females are cheaper to produce 
than males, even if born as co-twins and this is of relevance when taking managing 
decisions. 
 
Implication to ex situ conservation programs 
Ex situ conservation programs can represent important tools to help assure the 
survival of many threatened species. Captive breeding provides the tool to rear 
sustained populations. Knowledge about biology of such species is critical for managing 
breeding programmes but also for predicting the likely viability of eventual 
reintroductions. Result of our species-based may help captive breeding of the species 
involved. 
Inbreeding avoidance is a common practice in captive breeding programs due to 
its negative fitness consequences (e.g., Boakes et al., 2007; Fredrickson and Hedrick, 
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2002; Joron and Brakefield, 2003; Cassinello, 2005). However, our results for Cuvier’s 
gazelles have shown that the higher the inbreeding coefficient of the mother the higher 
the probability of producing daughters which is advantageous in captive polygynous 
species as a way of solving the organizational problems posed to captive breeders of 
where and how to keep the surplus males. Although it has been demonstrated that too 
much outbreeding can have negative consequences (Bateson, 1978, 1982) and that 
mating with a relative is more common than generally assumed in nature (Jordal et al., 
2002, Riechert and Roeloffs, 1993), the conservative approach we propose for the 
management programs of Cuviers’ gazelle is to avoid inbreeding. However, the 
possibility of kin-mating should not be ruled out for ever. Considering that breeding 
from highly inbred individuals is not necessarily bad because they might still be 
genetically important at population level, in practice, the manager of this captive 
population might be able to combine inbred females with unrelated or slightly unrelated 
partners, resulting in a non- or slightly inbred offspring (very likely a daughter if our 
results are considered), which help to solve the short term practical problem of surplus 
males within the EEP of the species. This practice suggested for captive Cuvier’s 
gazelle agrees with that outlined by other authors: in captive breeding populations 
where offspring sex ratio is dependent on female condition, manipulation of offspring 
sex ratios should be considered as a management option as it may increase the number 
of females that can be released (Lenz et al., 2007, Robertson et al., 2006, Tella, 2001). 
Many variables are likely to affect progeny sex ratio, and we have analysed only 
a few. Most of them are not clearly a black and white matter. In captive populations, 
even the time the captive breeding program has been in operation may have an effect on 
the results (compare results by Alados and Escós, 1991, 1994; Cano, 1991; Cassinello, 
2005). We strongly suggest that data in such captive breeding programs be reviewed 
from time to time, as some variables may affect sex allocation differently depending on 
their value at a particular time. Future research should focus on this issue. 
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Table 1: Descriptors (continuous variables) for the total populations of 555 individual 
offspring of Cuvier’s gazelles and 678 of Mohor gazelles included in this study. Range 
(minimum and maximum), mean and standard deviation are shown.  
 
 Mean Minimum Maximum Std Dev N 
Cuvier’s gazelle      
      Maternal inbreeding coefficient 0.156 0.000 0.375 0.072 555 
      Maternal age (days) 1611.87 345.00 4785.00 934.36 555 
Mohor gazelle      
     Maternal inbreeding coefficient 0.200 0.000 0.429 0.088 678 
     Maternal age (days) 1977.23 319.00 5736.00 1145.86 678 
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Table 2: Effects of the maternal variables on the offspring sex of Cuvier’s gazelle and 
Mohor gazelle. For Cuvier’s gazelle the effect of litter size considering the sex of the 
littermates (litter size x littermate sex factor) is also shown (bottom raw).  
 
Cuvier’s gazelle Mohor gazelle
Maternal Variable Test statistic P Test statistic P 
Inbreeding coefficient F1,203= 4.74 0.030 F1,107= 0.12 0.733 
Age (raw) F1,203=2.86 0.093 F1,107= 3.35 0.700 
Age (squared) F1,203= 3.03 0.083 F1,107= 3.22 0.076 
Experience F1,203= 1.61 0.205 F1,107= 0.49 0.485 
Identity (Studbook number) Z=0.99 0.162 Z=0.69 0.247 
Litter size x littermate sex F1,203= 1.93 0.150 ─ ─ 
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Figure 1: Graph showing male vs female offspring produced according to maternal 
inbreeding coefficient by Cuvier’s gazelle. The regression line is from a logistic 
regression model including offspring sex as independent variable and maternal 
inbreeding coefficient as dependent variable. 
 
 
 
 
